respiratory disease than the rest of the population (Brouwer, 1987; Donham et al., 1988; Pedersen, 1989) . A recent survey of researchers and experts noted that dust is considered the most common and prevalent air contaminant in animal buildings (Riskowski et al., 1995) . Surveys have also shown that over 25% of swine confinement building workers have experienced the following respiratory symptoms: runny nose, chest tightness, shortness of breath, and wheezing (ALA, 1986) . Over 50% of workers in swine buildings have experienced cough, excess sputum or phlegm, or scratchy throat (ALA, 1986; Heber et al., 1988b) .
Concentrated hydrogen sulfide gas may cause acute poisoning at high concentrations (Donham et al., 1986) . For buildings with manure stored beneath the building, abrupt exposures to high levels of hydrogen sulfide may result in fatal acute poisoning or pulmonary edema when the manure is agitated . Barber et al. (1993) used carbon dioxide as an indicator of indoor air quality within a swine building. Feddes et al. (1984) showed that the CO 2 concentration in livestock building exhaust air was closely correlated with the measured ventilation rate.
For decades, gases from the digestion of animal waste have drawn attention particularly in relation to odor, health, and safety. Merkel et al. (1969) identified three specific problems that stem from the confined swine feeding: (1) odor control for the sake of the producer and his neighbors; (2) possible toxic effects of the individual gases and gas combinations on the animals or the manager; and (3) potential damage to the structural components of the confinement building. Chromatographic techniques were used to identify gases present. In addition to the already known fixed gases, CO 2 , CO, H 2 S, NH 3 , CH 4 , etc., the environment within a confinement swine unit was found to contain a complex mixture of volatile organic intermediates. Important intermediates were identified as organic acids, amines, amides, alcohols, carbonyls, and sulfides. Zahn et al. (1997) documented analytical techniques for quantification of both organic and inorganic chemical constituents of anaerobically processed swine waste and quantification of volatile organic compounds of emissions from a swine production facility. In fact, many researchers have been using analytical techniques, including gas chromatography and mass spectrometry, for swine waste gas speciation (Chen et al., 1994; Yasuhara and Fuwa, 1977) . These methods are thorough and necessary for emission testing technique development. These methods are not practical for a rapid assessment by the safety or extension engineer of the general air quality in a swine or animal confinement building.
Extensive reviews have been published on the operation, specificity and accuracy of colorimetric indicator tubes (McKee and McConnaughey, 1987; Harman, 1989) . However, a comparison of measurements of air quality in animal buildings made with discrete, lowend instruments with measurements made with continuous, high-end instruments was not found in the literature. The objectives of this field study were to compare NH 3, H 2 S, and CO 2 measured with low-end and high-end instruments and compare temperature and airflow rate measurements taken during gas sampling.
PROCEDURES
Measurements of NH 3 , CO 2 , H 2 S, and temperature were taken 29-30 August 1997 and 26-28 February 1998 in four, tunnel-ventilated swine finishing buildings with deep-pit manure collection systems near McLean, Illinois. The single-room buildings were filled with an average of 863 finishing pigs of an average weight of 74.4 kg (164 lbs) during the summer sampling event and an average of 870 pigs weighing an average of 73 kg (161 lbs) during the winter sampling event. The mean ambient temperatures during the winter and summer sampling events were 6.7 and 20.2°C, respectively. The mean ventilation rate during the winter sampling period was roughly 23% of the rate recorded during the summer sampling period. The mean rates were 33 200 and 143 900 m 3 /h (19,500 and 84,700 cfm), respectively, recorded by the continuous monitoring system. The gas concentration at the point of exhaust and the building ventilation rate through pit and wall ventilation was used to determine emissions to the outside environment. Ventilation was provided with four 1.2 m (48 in.) and one 0.9 m (36 in.) diameter wall fans and four 0.46 m (18 in.) diameter continuously operating pit ventilation fans installed in ventilation chimneys. The ventilation operated in cross-flow mode during the winter. The pigs were raised in an all-in, all-out production style. Instantaneous measurements were made at three locations within each building and one external exhaust location using hand-held portable instrumentation (figs. 1a and 1b).
PORTABLE MEASUREMENTS
The collection of portable instrumentation consisted of a hygro-thermometer/anemometer/data-logger, a singlehand bellows pump and appropriate gas detection tubes, an optical particle counter, and a high volume filter sampler. Color-indicating gas detector tubes were used to determine gas concentrations.
The gas detection pump (Model 6400000, Dragerwerk AG, Lubeck, Germany) was used to draw air through three different types of colorimetric gas detection tubes at each test location within each building during both test periods. Each test was performed in triplicate. The pump is for short-term gas detection tubes and can be operated singlehandedly. Gas detector tubes were used to detect NH 3 , CO 2 , and H 2 S (Models 6733231, 8101811, 8101461, respectively, Dragerwerk AG, Lubeck, Germany). The tubes were used according to the manufacturer 's recommendations. Each tube contains a sensitive reagent that produces accurate readings when the technical characteristics of the air delivery match the reaction kinetics of the reagent system (Drager, 1994) . Therefore, the pump volume and rate are important. Each stroke of the hand bellow pump supplies 100 mL of air through the color-indicating reagent-impregnated adsorption layer. The volume of contaminated air needed to determine the specific gas concentration depends on the gas detector tube. The NH 3 tube had a specified range of 0.25 to 3 ppm with a standard deviation of ± 10 to 15%. This tube required 10 pump strokes. When higher concentrations of ammonia existed, a 2 to 30 ppm, five-stroke tube was used (Model 6733231). The ten-stroke CO 2 tube had a measurement range of 0.01 to 0.3% by volume with a standard deviation of ± 10 to 15%. The ten-stroke H 2 S detector tube measured 0.2 to 5 ppm with ±5 to 10% of full scale accuracy. Three repetitions of measurement required approximately 30 min at each location. The temperature and air velocity were measured using a hygrothermometer/anemometer/data-logger having a 6.3 cm (3.5 in.) diameter vane (Model HT A4200, Pacer Industries, Chippewa Falls, Wisconsin). The temperature sensor measures with ± 0.2% of reading, ±1 digit accuracy, and 0.1°C resolution. Airflow was measured with a vane type anemometer with an accuracy of ± 1% of reading, ± 1 digit, and a resolution of 0.01 m/s.
CONTINUOUS MEASUREMENTS
The four test buildings equipped for continuous sampling were monitored from two environmentally controlled instrument rooms. The continuous system performed more extensive monitoring than was necessary to make the comparisons in this study. Only the components of the system that were used for comparison are described here. More complete information on the continuous monitoring system was presented by Heber et al. (1998) . The analyzers were operated continuously with gas from one of six teflon sample lines (three per building) being cycled to each set of analyzers, within an instrument room, every hour. Four of the six gas sample lines were used for comparison. Gas samples delivered to the analyzers were switched with solenoids from a wall fan sample line, a pit fan sample line, and a pit headspace sample line, sequentially, from each building every hour. The first three minutes of sample data were discarded from the ten minutes sample coming from each line each hour. This was to allow time for the previous sample in the line to clear before recording data. Ammonia was converted to nitric oxide (NO) with a solid state converter (Model 17, Thermo Environmental Instruments (TEI), Inc., Franklin, Massachusetts) at 875°C. The NO was measured with a chemoluminescence detector (Model 17C, TEI, Inc.). Hydrogen sulfide was converted to sulfur dioxide (SO 2 ) and monitored by pulsed fluorescence (Model 340, TEI, Inc.). Carbon dioxide was measured with a photoacoustic infrared sensor (Model 3600, Mine Safety Appliances, Co., Pittsburgh, Pennsylvania). The monitors were calibrated weekly with certified gas blends, of target concentrations, obtained from Matheson Gas Products (Joliet, Illinois). Temperature was monitored with resistance temperature sensor with stainless steel probes (Model AD592, Computer Boards, Inc., Mansfield, Massachusetts).
MEASUREMENT LOCATIONS
Portable instrumentation measurements were taken at pig height [30 cm (12 in.) ], human height [150 cm (60 in.)], the ventilation fan exhaust, and the manure pit chimney exhaust in four finishing buildings. The detailed information on measurement locations is shown in figure 1a and figure 1b . The locations were identical for summer and winter events. Approximate pig breathing height was estimated from the ASAE Standard D321.2: Dimensions of Livestock and Poultry ( ASAE Standards, 1998) . This height was comparable to the actual snout zone of the pigs in the building. The two exhaust measurement locations were chosen to represent building emissions.
Each building was equipped to have gas samples drawn from locations just upstream of each operating wall fan, and just upstream of every pit fan. The air samples were pumped continuously at 6 L/m (0.21 cfm) from inside each building into the instrumentation rooms. The wall fan gas sample that was sent to the analyzers was a mixture of samples taken upstream of the operating wall fans. The pit fan sample that was sent to the analyzers was a mixture coming from a location just upstream of each continuously operating pit fan.
The continuous temperature sensors were used at seven points along the length of the building at approximately human height (1.8 m) and at two locations at pig height, halfway down the length of the building at the center of the two adjoining pens on either side of the aisle (figs. 1a and 1b). Gas sampling points were located at the end wall exhaust fans, directly upwind of the ventilation fans and in the inlet to the pit ventilation chimneys (figs. 1a and 1b).
Fan ventilation rates were measured with full-size airflow rate sensors (FanCom Model FMS 50, Techmark, Lansing, Michigan) and by monitoring fan signals (Heber et al., 1998) . Two buildings had an airflow sensor in each of the four chimneys to continuously measure the pit ventilation rate. The pit ventilation and wall ventilation of two buildings were monitored with voltage signals. Spot determinations of airflow rates were obtained by measuring air velocity with the portable anemometer at 12 points using an equal area velocity traverse of the fan opening area (ASHRAE, 1993) . A pollutant emission rate determination was made using the airflow and gas concentration, since emission rate is the product of pollutant concentration and airflow rate.
Increased pig activity was observed upon each entry of a building or location change within a building. During the second site visit (winter visit) a pig activity index was recorded and compared to airborne particle concentrations. The pig activity index was defined as the ratio of the number of pigs standing to the total number of pigs in the four closest pens to the point of sampling. There were approximately 25 pigs in each of the four pens. Optical particle counts between 0.3 and 5.0 µm in six size ranges were collected at each location using a Met One (model 237A, Met One, Grants Pass, Oregon), and these data were compared to pig activity level.
The two means of the measurements of each parameter (i.e., the means of the low-end and high-end measurements) were paired. Pairing was used to eliminate extraneous variance from pair to pair. The means of the three measurements made with the portable instruments were compared to the means of the measurements made with the continuous monitoring system. The gas concentrations were sampled at approximately the same locations and the portable measurements were paired with the continuous data of the nearest half-hour ( fig. 2) .
The variance between buildings was considered using least-squares estimates. A four building plus or minus four building matrix was constructed for both the discrete gas measurements and the continuous gas measurements. The means of gas concentrations, temperatures and airflow rates measured by both systems were compared using matched pairs t-tests (P < 0.05) (Steel et al., 1997) . The null hypothesis of each matched pairs t-test was that the differences in the measurements were equal to zero. The populations means of concentrations, temperatures and airflow rates were compared using a one-way analysis of variance (ANOVA) (P < 0.05) (Glenberg, 1996) . The null hypothesis was that the measured population means were equivalent. In these results, statistical significance refers to a P < 0.05.
RESULTS AND DISCUSSION

GASES
Comparisons of gas measurements were made for measurements at the wall fans and at the pit fans in four buildings during the summer visit (table 1), and three buildings during the winter visit (table 2). The continuous monitoring system was not operating in building 9 during the winter visit. Concentrations varied significantly from building to building based on ANOVA analysis of both discrete and continuous measurements. Both discrete and continuous measurements resulted in the same conclusions regarding gas concentration based on analysis using least squares means. The matched pairs t-test indicated that the type of NH 3 and H 2 S measurements were not significantly different for both summer and winter data. However, the CO 2 concentration measurements for both summer and winter data sets were statistically different. The continuous CO 2 monitor has a two significant figure advantage in resolution over the Drager tubes (tables 1 and 2). Also, spatial and temporal variations in CO 2 concentrations from animal movement and ventilation adjustments may have caused these differences. The NH 3 and CO 2 concentrations were both lower during the summer due to higher ventilation in hot weather to remove excess heat. The H 2 S concentrations were of similar magnitude in both summer and winter.
TEMPERATURE
The means of the three temperatures taken at the center of the building at pig height were paired with the means of the two pig height temperatures recorded with the continuous monitoring system. The means of the three temperature measurements taken at the center of the building at approximately human head height were paired with the means of the seven temperatures along the center aisle at approximately the same height recorded with the continuous system. The temperature measurements were statistically the same for the winter measurements although they did not agree in the summer (tables 3 and 4). The variation in the summer was likely due to more rapid fluctuations in temperature with fans coming on and off and with lengthwise fluctuations due to tunnel ventilation. During winter, the ventilation was in cross-flow mode, which reduced the potential for lengthwise temperature variation.
PIG ACTIVITY
Pig activity ranged from 0.39 to 0.87 and varied with building. Particle counts ranged from 0.54 particles/mL to 1.19 particles/mL. Mean optical particle concentrations of dust did not vary significantly with the index of pig activity, as suspected. It was hypothesized that because the buildings in winter were in a cross-flow ventilation mode further study would be needed to determine how to appropriately characterize pig activity and its effect on dust measurements. However, it was observed that the pig activity increased significantly with any movement inside the building. This may have affected average dust concentrations and thus prevented accurate measurement of summer and winter dust levels.
AIRFLOW RATE
The pit fan airflow rate measurements were not significantly different in the winter, but were different in the summer (tables 3 and 4). The building ventilation is based on temperature. During the summer, total volume of air changes approximately every 10 min. Therefore, it is reasonable that an average value for an hour could vary significantly from a set of instantaneous measurements taken some time within that hour. Winter ventilation rates are steadier over a 1-h period.
CONCLUSIONS
Comparisons between low-end discrete measurements with colorimetric gas detection tubes and high-end continuous measurements indicate that air quality can be assessed inside tunnel ventilated buildings. NH 3 and H 2 S concentrations can be accurately measured with 697 VOL. 16(6): 693-699 Average* 20.0 ± 1.8 20.9 ± 1.5 6301 ± 756 5576 ± 118 * Portable measurements are the mean ±1 standard deviation and the average measurements are the mean ±2 × standard error.
colorimetric gas detection tubes using three sample averages. The CO 2 results suggests that colorimetric gas detection tubes may not be adequate to estimate indoor air quality because of spatial variations and temporal changes in CO 2 concentration. Further examination of this result is needed. Temperature and airflow rate measurements made with portable instrumentation were not significantly different than the continuous instruments during winter ventilation; however, during summer statistical differences were seen for temperature and airflow rate between continuous and portable measurements. Because rapid fluctuations in temperature and ventilation rate occur during summer the temperatures and/or airflow rates measured over a few minutes may not be the equal to those found 15 min earlier or later. It is obvious that ventilation rates impact the concentration of gases within the building, especially ammonia and carbon dioxide. Ventilation rates are reduced during winter months to conserve thermal energy. Maintaining minimum ventilation rates and subsequently a minimum level of acceptable air quality is necessary to provide a safe environment. Production benefits from maintaining a healthy breathing environment undoubtedly outweigh costs associated with elevating ventilation rates to an acceptable level.
